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Introduction
The market for micro-electro-mechanical systems has grown in the past decades and is predicted to keep growing in the coming years [1] . Micro-manufacturing technologies for silicon-based micro products have been developed and used in a wide range of industrial applications [2] . However, micro-metal products that can bear heavy loads and high working temperatures are still needed. Microforming is a potential approach to fabricating these micro-metal products with complex 3D structures. Compared with other micro-metal manufacturing technologies, microforming is more advantageous because of its net-forming capability, batch manufacturing potential, high product quality, and relatively low equipment and operator training costs [3, 4] .
Micro deep drawing, a typical microforming method, can produce cup-or box-like micro-metal products [5] . However, this technology has to overcome challenges related to size reduction [6] [7] [8] . The drawability of a blank in micro deep drawing is lower than that in normal-scale deep drawing due to thin blank thickness, which ranges from tens to hundreds of microns. The maximum drawing ratio also changes in the microscale. In addition, material properties change in the microscale due to the reduced size and the material size effects. Thus, the properties of drawn products, such as shape accuracy and surface finish, are greatly affected.
Micro-hydromechanical deep drawing (MHDD) has been developed to improve micro deep drawing [9] . In both micro and normal scales, hydraulic force has an impact on the stress-strain state during the drawing process. Hydraulic force also provides a pre-bulging process, which benefits drawing by enhancing the blank's strength through strain hardening. Friction and drawing are thus improved by enhanced lubrication [10, 11] . However, the lubrication condition changes on the microscale and affects the MHDD process. To explain the change in friction, the open and closed lubricant pocket theory has been developed [11] .
In the current study, a Voronoi-based finite element model was developed to consider the open and closed lubricant pockets separately. MHDD simulation and experiments were conducted. Finally, the simulation and experimental results were analyzed and compared.
Experimental
The SUS304 sheets with a thickness of 50±2 µm were annealed at 975 °C, 1050 °C, and 1100 °C for 2 min in argon gas ambient protection. Microstructures of the annealed sheets are shown in Fig. 1 , and the three groups of sheets were named "H975," "H1050," and "H1100," respectively. The material parameters for the three-parameter Barlat model were obtained from the tensile tests. Next, all three groups of sheets were drawn into micro cups under a series of hydraulic pressures ranging from 5-30 MPa with 5 MPa intervals (The maximum reachable hydraulic pressure in experiments was 30 MPa.). A one-step blankingdrawing process was applied in the MHDD system due to difficulties in positioning and transitioning the small blank. The drawing process continued with the blanking process, which prepared a blank in the right position. The sheets were gently cleaned by a soft eraser and then by alcohol to remove the oxidation layers and contaminants from their surfaces before the drawing experiments. After the experiments, all drawn cups were cleaned by ultrasonic bath with alcohol for 1 min and airdried. Finally, the cleaned cups were observed under a 3D microscope, and their geometry and surface details were obtained.
Simulation
A normal deep drawing model with the same size as the MHDD system was initially built. The sketches of the MHDD system and the normal model are shown in Fig. 2 . All parts of the model were meshed with high-quality shell elements; a blank was deformable, whereas the others were rigid. The three-parameter Barlat material model was assigned to the blank, and the surface-to-surface forming contact algorithm was used to monitor the contact and friction between the blank and the other parts. All material property parameters were obtained from the tensile experiments. A constant drawing speed of 0.1 mm/s and a fixed gap of 55 µm between the die and the blank holder were set as experimental conditions. A normal pressure load was applied on the blank. Centroidal Voronoi structures were utilized to consider the heterogeneous material properties on the microscale. The blank was divided into small sub-areas according to the Voronoi model, and the elements in each Voronoi cell were assigned one group of material properties. The general size of the Voronoi cell was close to the average grain size of the blank. The Voronoi models with different grain sizes are displayed in Fig. 3 , in which distinct colors represent different material properties. Only five groups of material properties were used to reduce experimental work and increase simulation speed. All Voronoi cells were randomly assigned material properties. The open lubricant pocket area, which cannot hold the pressed lubricant, had a higher friction coefficient than the closed lubricant pocket area, which sealed the lubricant. Moreover, the critical radius decreased with the hydraulic pressure because leakage increases with hydraulic pressure. A relatively rough punch was used to improve the blank's holding capability; the friction coefficient between the blank and the punch was 0.25. The friction coefficients for each friction pair are listed in Table 1 All experimental conditions were simulated by the developed models. The drawing process under ultra-high hydraulic pressures was also simulated for further prediction.
Results and discussion
The drawing forces between the experimental and simulation results were compared. The drawing force for H975 under 30 MPa is shown in Fig. 6 . On the microscale, the friction force comprised a large part of the total drawing force and significantly affected the drawing process. The simulation results matched the experimental results well, especially in terms of the maximum drawing force, which affects drawability. The simulations of the other drawing conditions generated similar results concerning the drawing force, indicating that the general assumptions and settings (for example, friction) in the simulations were acceptable. The hydraulic pressure affected both the shape and surface finish of the drawn cups. Figure 7 shows the drawn cups with H975 sheets under different hydraulic pressures. As can be seen, the cup drawn under 30 MPa hydraulic pressure had noticeable wrinkles, whereas the cup drawn under low hydraulic pressure had a smooth mouth. Wrinkling can be prevented by the developed models due to the introduction of the Voronoi models, which presented heterogeneous blanks. A similar trend in wrinkle formation in the simulations is shown in Fig. 8 Figure 9 shows the drawn cups with different blanks under the same hydraulic pressure (30 MPa). As can be seen, the influence of the hydraulic pressure on the different blanks with different material properties changed under the same hydraulic pressure. With high strength and hardening rate, the H975 blank exhibited better resistance to wrinkling compared with the H1050 and H1100 blanks. Similar to the surface roughness parameters R a and R t , two wrinkle indexes (Eqs. (2) and (3)) were defined for a quantitative analysis of the wrinkles. The position coordinates of the nodes on the drawn cup mouths were first exported and fitted against a reference circle. Next, the radial difference (Eq. (1)) between the node radius and the fitted circle radius was used for wrinkle index calculation. The equations are given by
where i r is the radial difference between the ith node radius i R and fitted circle radius fit R , t R is the maximum wrinkle value, p R is the maximum wrinkle peak height, v R is the maximum wrinkle valley depth, and a R is the average wrinkle value and n N is the total number of nodes on cup mouth.
The defined wrinkle values were not linearly dependent on the hydraulic pressure ( Fig. 10 ). Under 30 MPa, the maximum experimental hydraulic pressure, the defined wrinkle values gradually decrease until the hydraulic pressure was reduced to 20 MPa. These wrinkle values increased sharply over 20 MPa. Furthermore, the H1100 blank showed lower wrinkle values than those of the other groups when the hydraulic pressure was lower than 20 MPa. By contrast, the drawn cups with the H975 blank had small wrinkle values under 30 MPa, similar to that observed in the experiments (Fig. 9 ).
The drawing process under ultra-high hydraulic pressures differed from that under normal hydraulic pressure conditions of 5-30 MPa. The stress and strain of the blank along the thickness direction were not fully comparable to the in-plane stress state. This stress state change significantly influenced the whole drawing process and presented wrinkle values that differed from those produced under normal hydraulic pressures. The wrinkle values under ultra-high hydraulic pressure conditions were worse than those under the best normal hydraulic pressure conditions. According to bifurcation theory based on energy analysis, wrinkles occur when the energy cost along a primary deformation path is higher than that along a secondary deformation path [12, 13] . The energy consumption along the primary and secondary deformation paths in the drawing process are respectively shown in Eqs. (4) and (5) 
where p E is the energy cost along the primary deformation path, ij σ is the stress in the ij (ij=r, t, θ (radial, thickness, circumferential)) directions, Δ ij ε is the incremental strain in the ij direction, Ω is the domain of the wrinkle, and s E is the energy consumption along the secondary deformation path.
The hydraulic pressure directly affected the stresses in the thickness, radial, and circumferential directions. Hydraulic pressure provided lubrication and reduced friction, thus changing the radial direction stress. The hydraulic force caused the shape of the blank to change first in the pre-bulging process, and then in the drawing process. Consequently, the circumferential direction stress also changed. The overall effects of the hydraulic pressure, material hardening, and blank deformation path resulted in a relatively complicated relationship between the wrinkle values and the hydraulic pressure.
Although the ultra-high hydraulic pressures could not significantly limit the wrinkling phenomenon, the drawing ratio (drawn cup height compared with a constant initial blank diameter) increased at the cost of reduced minimum thickness at the cup corner. As shown in Fig. 11 , the cup drawn under 30 MPa had a smaller height than the cup drawn under 200 MPa. The ultra-high hydraulic pressure significantly changed the blank deformation, especially during the pre-bulging process and the first half of the drawing process. The blank was constantly in contact with the blank holder and was significantly bent in these stages. Thus, the increased friction between the blank and the blank holder provided additional radial force. Both reduced the effective die filter radius and increased friction increased the drawn cup height. The surface finish, deemed crucial in final products, absorbed great impact from the hydraulic pressure. High hydraulic pressures can better support the blank, and the normal contact force between the blank and the die was smaller than that under low hydraulic pressure conditions. Moreover, the hydraulic pressure changed the wrinkling phenomenon. The wrinkled area remained in contact with the die even under high hydraulic pressures, thus causing significant wear in the wrinkled area on the drawn cups. The drawn cup mouth area was the most wrinkled and therefore was the most worn. Figure 12 shows the cups drawn under different hydraulic pressures. As predicted by the defined wrinkle indexes, the cups drawn under 10 MPa had less and weaker wrinkles than those drawn under 30 MPa. The cup in Fig. 12(b) shows more wear on the cup mouth area than that drawn under 10 MPa ( Fig. 12(a) ). The commonly used pv PV value (normal pressure × velocity, as shown in Eq. (6)) was used to quantitatively represent the wear during the whole drawing process
where p i and v i is are the normal contact pressure, and v is and the sliding velocity of the ith node, respectively, t is the time.
All elements on the drawn cup mouth were recorded, and the difference between the maximum and the minimum pv PV values was used to represent the wear of each drawn cup (Fig. 13) . A high pv PV value difference indicates a significant difference in contact between the blank and the die as well as the wrinkles. Results showed that ultra-high hydraulic pressures resulted in a high pv PV value difference, which decreased when the hydraulic pressure gradually increased to 30 MPa. Meanwhile, the hydraulic force supported the blank and reduced friction or wear under hydraulic pressures lower than 30 MPa. By contrast, wrinkles introduced significant contact and noticeably increased wear, although the high hydraulic pressure effectively supported the blank. The significant wear consequently reduced the wrinkles and resulted in relatively low wrinkle values under ultra-high hydraulic pressure drawing conditions Although the models successfully predicted the MHDD process by considering the material and lubrication size effects, shell elements based on in-plane stress assumption were not fully suitable for 3D deformation simulation, such as in the case of simulation with ultra-high hydraulic pressures. Solid elements can be introduced to obtain more accurate simulation results. Additionally, the hydraulic pressure was assumed to be uniformly distributed on the blank and constant during the whole drawing process, which was not the case in the experiments. Strong fluid-solid interaction can also be introduced to accurately consider the hydraulic pressure effects and the hydraulic pressure distribution on the blank.
Conclusions
The developed Voronoi model effectively present the heterogeneity of the blank on the microscale, and the open and closed lubricant pocket models based on the Voronoi model can consider the hydraulic pressure effects. The wrinkling phenomenon can, therefore, be presented and its complex relationship with the hydraulic pressure can be reflected by the developed models.
On the microscale, friction is significant in the drawing process, and the friction conditions differ. The wrinkling can be predicted by bifurcation theory according to the energy consumption, which is significantly affected by friction. Although ultra-high hydraulic pressure cannot restrict the wrinkling, it increases the maximum drawing ratio with the increase in drawn cup height. Additionally, the high pressure can support the blank and separate the blank and the die, thereby improving the surface finish of the drawn cups. However, the wrinkled area causes heavy contact between the blank and the die, which results in significant wear on the cups.
